scenario, these models are stuck on one of the steps of the staircase, partway along the transition to irregular behavior. Furthermore, these results show how a large body of modeling and theory on simpler versions of ENSO carries over to the case of complex behavior: The basic characteristics of El Niflo do not depend on the seasonal cyclebut its chaotic behavior does. REFERENCES The delay oscillator mechanism can be described as follows: A positive sea-surface temperature (SST) -perturbation along the
a reduced amplitude of the annual cycle, where the steps widen less rapidly with g. 20 (10) . Apart from the seasonal forcing term used here, our model is basically a continuous version of the discrete delay equation given in (5) and is similar to those of (1) (2) (3) (4) 
where t is time, L is the basin width, and wa is the annual frequency of the idealized seasonal forcing. The first term on the right represents a wind-forced Kelvin mode that travels at a speed CK, and thus takes a time L/(2CK) to reach the eastern boundary from the middle of the basin. (5), equation 9] reflects the non-uniform stratification of the ocean. The slope of A(h) at h = 0, set by the parameter K, is a measure of the strength of the coupling between ocean and atmosphere (11) .
As the nonlinearity (as measured by K) is increased, the model follows the universal quasi-periodicity route to chaos ( Fig. 1 ) (12) . For small values of K, the model time series is perfectly periodic at the annual period of the forcing (Fig. 1A , upper panel). The phase-space trajectory degenerates to a single point because of the sampling at the annual frequency (Fig. 1A, middle panel) , and the power spectrum shows a single peak at the annual frequency (Fig. 1A , lower panel).
As K increases (Fig. 1B) , a second frequency (wa,) arises, that of the natural oscillator of the Pacific ocean-atmosphere system (1) (2) (3) (4) (5) . This second frequency is, in general, incommensurate with the annual frequency; the superposition of two incommensurate frequencies creates a quasi-periodic time series. The resulting oscillations are irregular but not chaotic (Fig. 1B, upper  panel) ; the phase-space reconstruction is a simple closed loop (Fig. 1B , middle panel) (12) , and the power spectrum shows two dominating frequencies (on = 0.29 and the annual wa = 1 year-1) with many subharmonics (Fig. 1B, lower panel) . These irregular oscillations are not locked to the seasonal cycle.
For even stronger nonlinearity (Fig.  1C) , the system becomes mode-locked: The frequency of the nonlinear delay oscillator changes slightly to a simple rational multiple of the driving annual frequency: o,, = WaPIQ' with P and Q integers (in The reconstructed phase-space diagram is obtained by plotting h(t) versus h(t + 4), where r is the delay time (19) (not to be confused with the delay times of the delay oscillator), chosen here to be 1 year. The time series for h(t) is subsampled at the frequency of the external forcing, that is, at 1-year intervals (12) values of P and Q. The parameter regimes corresponding to the mode-locked solutions are also known as "Amold tongues" (12) .
Finally, for sufficiently large nonlinearity, the system becomes chaotic (Fig. 1D) . The time series is irregular, the phase-space reconstruction is of a strange attractor, and the power spectrum is broad and not made of distinct peaks as before. For small nonlinearity, the model solution may be either quasiperiodic or mode-locked to a single nonlinear resonance defined by a single ratio P/Q.
For larger nonlinearity, two or more modelocked solutions (that is, solutions with different ratios Pi/Q1) may coexist; the nonlinear resonances are said to overlap in this case. The chaotic behavior is caused by the irregular jumping of the system among the different possible resonances (12) . The quasi-periodicity route to chaos is a two-parameter route. One parameter governs the transition from quasi-periodicity to chaos as shown above; the second parameter governs the width of the mode-locked regimes, as investigated by Jin et al. (8) .
We suggest that ENSO characteristics may be consistent with low-order chaotic behavior of the type described (Fig. 1D) , which would account for ENSO's irregularity and its locking to the seasonal cycle. Each mode-locked solution (Fig. 1C) Earlier examinations ofENSO as a low-order chaotic system either have used simplified models lacking the essential equatorial wave dynamics (although they discussed the locking to the seasonal cycle) (13) or did not fully realize the importance of mode locking to the seasonal cycle and the mechanism of resonance overlapping (5) . Is the irregularity of ENSO indeed due to low-order chaos and not to random forcing (2)? The instrumental record of the real ENSO data, which extends over slightly more than 100 years, is too short to identify chaos in an observed time series. Instead, we analyzed the results of the CZ ENSO model (7), which has been used to predict several ENSO events (14) .
The diagnostic tool we used to identify chaotic model behavior was the calculation of the phase-space correlation dimension (15) from monthly averaged East Pacific SST from a 1024-year run. The correlation dimension for this run is about d : 3.5 ( Fig.  2A) , which suggests a chaotic dynamic system with a small [.(2d + 1)] number of degrees of freedom.
The correlation dimension calculations are prone to various artifacts (16) , and in order to reduce this possibility we used a control time series of surrogate data (17) with the same characteristics (number of points, power spectrum) as the CZ model time series. We chose a time series from a linear Markov model built from the CZ model and driven by random forcing (18) . The dimension estimate for the Markov model (Fig. 2B) two factors: the development of high-input-high-yield agriculture, capable of feeding an increasingly urban population, and an urban-industrial infrastructure, heavily dependent on fossil fuels for the production and transport of manufactured goods (1).
The correlation between agriculture and fossil fuel burning is most pronounced in three regions of the northern mid-latitudes ( Fig. 1 
